In vitro data have indicated that nitric oxide (NO) inhibits Leydig cell testosterone production, suggesting that NO may play a role in the suppression of steroidogenesis and spermatogenic function during inflammation. Consequently, we investigated expression of the inflammation-inducible isoform of NO synthase (iNOS) in the inflamed adult rat testis and the ability of a broad-spectrum inhibitor of NO production, L-nitro-L-arginine methyl ester, to prevent Leydig cell dysfunction during inflammation. Unexpectedly, immunohistochemical and mRNA data established that iNOS is expressed constitutively in Leydig cells and in a stage-specific manner in Sertoli, peritubular, and spermatogenic cells in the normal testis. Expression was increased in a dose-dependent manner in all these cell types during lipopolysaccharide (LPS)-induced inflammation. In noninflamed testes, treatment with the NO synthase inhibitor reduced testicular interstitial fluid formation and testosterone production without any effect on serum LH levels. Administration of the inhibitor did not prevent the suppression of testicular interstitial fluid and testosterone production that occurs within 6 h after LPS treatment. Collectively, these data indicate a novel role for iNOS in autocrine or paracrine regulation of the testicular vasculature, Leydig cell steroidogenesis, and spermatogenesis in the normal testis. The data suggest that increased NO is not the major cause of acute Leydig cell dysfunction in the LPS-treated inflammation model, although a role for NO in this process cannot be excluded, particularly at other time points. Moreover, upregulation of iNOS may contribute to the seminiferous epithelium damage caused by LPS-induced inflammation.
INTRODUCTION
There is a considerable body of clinical evidence suggesting that testis function is compromised during illness or infection, resulting in a temporary or permanent impairment of fertility [1] [2] [3] . This impairment is manifested as a decrease in both serum testosterone levels and in sperm counts. The mechanisms underlying this inhibition are poorly understood. Consequently, we have adopted the ex-perimental model of lipopolysaccharide (LPS)-induced inflammation to investigate the effects and causes of inflammation-mediated infertility in the adult male rat. Our studies showed that a single injection of a relatively low dose of LPS, consistent with a mild bacterial infection, resulted in a partial inhibition of testosterone secretion between 6-24 h later [4] . This inhibition was not due to reduced secretion of pituitary LH, but rather to a loss of Leydig cell steroidogenic capacity. Spermatogenesis appeared to be unaffected. In contrast, injection of a higher dose of LPS that induced endotoxemia and death in a small proportion of the animals caused both inhibition of the Leydig cell and significant damage to the seminiferous epithelium, i.e., germ cell loss through sloughing and apoptosis. This damage occurred in spite of the persistence of intratesticular testosterone concentrations that should have been sufficient to maintain spermatogenesis, suggesting that separate mechanisms mediate the inhibition of steroidogenesis and the seminiferous tubule damage [4] .
Several inflammatory mediators are produced within the normal testis, where they are believed to be involved in regulating Leydig cell function and spermatogenic development [5, 6] . Production of these mediators is increased by inflammatory stimuli. A number of recent in vitro studies have indicated that the inflammatory vasodilator nitric oxide (NO) is capable of inhibiting steroidogenesis by the Leydig cells, the granulosa luteal cells, and the adrenal cortex [7] [8] [9] [10] . Production of NO occurs through the action of one of three nitric oxide synthase (NOS) enzymes. Immunohistochemical studies have shown that the endothelial (type III) isoform is present in both human Leydig and Sertoli cells [11] , and that the neuronal isoform (type I) is present in human and rat testes [12] [13] [14] [15] . Administration of the broad-spectrum NO inhibitor, L-nitro-L-arginine methyl ester (L-NAME) to adult rats resulted in an elevation in serum testosterone levels 2 h postinjection, indicating that NO is involved in regulating normal testosterone production [15, 16] . In another study using an intraperitoneal sepsis model, a brief infusion of L-NAME stimulated serum testosterone levels in both septic and nonseptic control rats, suggesting that inhibition of testosterone production during inflammation involves the action of NO [17] .
It is the inducible isoform of NOS (type II or iNOS) that is up-regulated in many tissues in response to an inflammatory episode [18, 19] . In contrast to types I and III that require calcium influx into the cell in order to be activated, iNOS is calcium independent and produces relatively larger amounts of NO than the other two isoforms [19, 20] . Given the pre-existing in vitro studies linking NO and testosterone production, the aim of the present study was to investigate the potential role of NO, and iNOS specifically, in testicular function during systemic inflammation. Unexpectedly, these studies found that iNOS is actually expressed in the normal testis, suggesting a unique role for this induced enzyme in the function of a normal tissue.
MATERIALS AND METHODS

Animals and Reagents
Adult male Sprague-Dawley rats (80-100 days old) were obtained from the Monash University Central Animal House and maintained under standardized conditions of lighting (12L:12D) and nutrition (food and water ad libitim) throughout the experimental period. Studies were performed in accordance with the National Health and Medical Research Council Guidelines on Ethics in Animal Experimentation, and were approved by the Monash Medical Centre Animal Experimentation Ethics Committee. Animals received constant monitoring throughout the period of the study.
Reagents were obtained from Sigma Chemical Company (St. Louis, MO) unless otherwise stated. The rat 1536-base pair (bp) partial iNOS cDNA plasmid was generously provided by Dr. David Nikolic-Paterson (Department of Nephrology, Monash Medical Centre, Clayton, Australia) and the sequence confirmed by direct sequencing.
Experiment 1: Low Dose and High Dose LPS Time-Course Study
The tissues used for this experiment were obtained as previously described [4] . Briefly, adult male Sprague-Dawley rats were injected (i.p.) with pyrogen-free saline (1.0 ml/kg weight) alone or saline containing either a low dose (0.1 mg/kg body weight) or a high dose (5.0 mg/kg body weight) of LPS (Escherichia coli, serotype 0127:B8) and killed at various time points between 1-72 h (low dose group) or 3-72 h (high dose group) after injection for collection of tissues. These doses represented a mild systemic inflammation (low dose LPS) or severe endotoxemia (high dose LPS), respectively [4] . A small number of rats treated with the high dose of LPS that died of shock-related symptoms prior to collection of tissues were eliminated from the study. Blood was obtained via cardiac puncture under ether anesthesia, and one testis was removed, weighed, and used for collection of interstitial fluid (IF), which is an indirect measure of changes in testicular vascular function [21] . The remaining testes were either snap-frozen and stored at Ϫ70ЊC to be used for RNA extraction or perfused in situ with Bouin's fixative and processed for embedding in paraffin for histology and immunohistochemistry [22] . Sections of 5 m thickness were cut from embedded testis blocks, floated onto Superfrost plus microscope slides (Biolab Scientific, Australia), dried overnight at 37ЊC, and stored appropriately prior to use. Liver samples were taken and snap-frozen and stored at Ϫ70ЊC to be used as control tissues for mRNA studies.
Experiment 2: Inhibition of NO in Normal Rats
The previous work from our laboratory has shown that a maximum inhibition of testosterone production (to 30% of control) after LPS treatment occurs at 6 h after injection [4] . While there have been several studies of the acute effects of L-NAME administration on the testis [7, [15] [16] [17] , there are no published data concerning the response of the testis to inhibition of NO by L-NAME treatment for periods greater than 2 h. Consequently, the effect of NO inhibition on pituitary-testicular function was investigated over a total period of 9 h using serial s.c. injections of L-NAME (30 mg/kg), which is a maximum effective dose based on previous studies in the testis and other organs [15, 16, 23] . Groups of rats (n ϭ 6 rats/group) received multiple injections (100 l/100 g body weight, s.c.) of either pyrogenfree saline or L-NAME (30 mg/ml) in saline, at three hourly intervals, as follows: group 1, injections of L-NAME at 0 h, 3 h, and 6 h, samples collected at 9 h; group 2, injections of L-NAME at time 0 h, and saline alone at 3 h and 6 h, samples collected at 9 h; group 3, injections of saline alone at 0 h, 3 h, and 6 h, samples collected at 9 h; group 4, injections of L-NAME at 0 h and 3 h, samples collected 6 h; group 5, injections of L-NAME at 0 h, and saline alone at 3 h, samples collected at 6 h; group 6, injections of saline alone at 0 h and 3 h, samples collected at 6 h; group 7, injection of L-NAME at 0 h, samples collected at 3 h; group 8, injection of saline alone at 0 h, samples collected 3 h. All tissue samples were collected and processed as outlined in experiment 1 above.
Experiment 3: Inhibition of NO in LPS-Treated Rats
The effect of inhibition of NO on pituitary-testicular function during LPS-induced inflammation was investigated. Rats (n ϭ 6 rats/group) were injected (s.c.) with either pyrogen-free saline or L-NAME (30 mg/ml) in saline, as in experiment 2. At 3 h after the first injection, rats received a second injection of either saline or L-NAME, followed by an injection (i.p.) of pyrogen-free saline alone, or saline containing either a low dose (0.1 mg/kg body weight) or a high dose (5.0 mg/kg body weight) of LPS (E. coli, serotype 0127:B8, as in experiment 1). At 6 h after the first injection, rats received a third injection of either saline or L-NAME, and all rats were killed at 9 h after the first injection. In this experimental design, rats were killed at 6 h after treatment with either dose of LPS or saline, having received multiple injections of either L-NAME or saline alone throughout the 9-h period prior to death. Nine hours after the first L-NAME injection was the longest experimental period that could be used in this study, due to the onset of lethargy, cardiac/respiratory distress, and poor physical appearance, particularly in the LPS-treated rats, resulting from the prolonged period of hypertension caused by inhibition of endogenous NO [19] . Tissues were collected and processed as described in experiment 1 above, with the exception that testes taken for collection of IF were subsequently homogenized in Dulbecco PBS (pH 7.4) and processed for collection of whole testis cytosols, as previously described [21, 24] . The collection of testis cytosols was necessary because there was insufficient volume in many of the IF samples for accurate measurement of intratesticular testosterone in this experiment. Both IF and whole testis cytosols are suitable measures of intratesticular testosterone concentrations [21] .
Hormone Assays
Serum LH was measured by specific double-antibody RIA, using reagents supplied by the National Institute of Diabetes and Digestive and Kidney Diseases (Bethesda, MD), as previously described [24] . Serum and testicular cytosol testosterone concentrations were measured by [ 3 H]-testosterone RIA after hexane-chloroform extraction [21, 24] . Testicular IF was assayed without extraction for testosterone content by 125 I-testosterone RIA [25] .
Inducible NOS Immunohistochemistry
Inducible NOS protein was immunolocalized using an avidin-biotin amplified peroxidase method. Antibody access in dewaxed and rehydrated sections was improved us-ing an antigen retrieval method that required treating sections in 0.05 M glycine, pH 3.5 in a microwave at 2.25 W/ ml/min for 3 min followed by 0.3 W/ml/min for 8 min [22] . Nonspecific antibody binding was eliminated by preincubating sections with 10% normal sheep serum. Inducible NOS was localized using a rabbit antiserum raised against amino acids 1126-1144 of mouse iNOS (no. sc-650, Santa Cruz Biotechnology Inc., Santa Cruz, CA). This antibody has been shown to react specifically with rat iNOS and has no cross-reactivity with either type I or type III NOS in either immunohistochemical or Western blotting protocols [26, 27] . The sections were sequentially incubated with the primary antibody overnight at 4ЊC, a secondary-biotinylated sheep anti-rabbit antibody (1:1000; Amrad, Melbourne, Australia) at room temperature for 1 h, and streptavidinconjugated horseradish peroxidase (1:1000; Amrad). Excess reagents were removed by washing in Tris-buffered saline (50 mM Tris HCl, 150 mM NaCl, pH 7.6). Peroxidase activity was visualized using 3Ј,3Ј-diaminobenzidine tetrahydrochloride (DAB). Sections were counterstained with Harris' hematoxylin, blued using Scott's tap water, dehydrated, and mounted using DPX under glass coverslips. Sections were analyzed and photographed using a BH2 microscope (Olympus, Tokyo, Japan).
The specificity of the immunohistochemical staining in our hands was established using either nonimmune rabbit sera in place of the primary antibody solution or by preabsorbing the iNOS antiserum using the iNOS immunogen peptide, as outlined by the manufacturer (Santa Cruz). Preabsorbed antiserum was used in the same immunohistochemical protocol on testis sections from 6-h high dose LPS-treated rats that had been shown to contain high levels of iNOS by subsequent immunohistochemical and mRNA studies.
Inducible NOS-Macrophage Double Labeling Immunohistochemistry
Sections were double labeled with the iNOS antiserum and with the tissue-fixed macrophage monoclonal antibody, ED2 (Serotec, Oxford, UK), using a modification of a previously described method [22] . In brief, iNOS immunohistochemistry was carried out essentially as outlined in the previous section, with ED2 added to the primary antibody solution. Bound ED2 was detected by addition of an alkaline phosphatase conjugated anti-mouse serum to the secondary antibody solution (1:100; Dako, Copenhagen, Denmark). Alkaline phosphatase activity was visualized using fast red as a substrate, subsequent to iNOS/DAB development. Sections were counterstained with Harris' hematoxylin and mounted under glass coverslips using GVA mount (Zymed, San Fransico, CA).
Amplification of iNOS by Reverse TranscriptasePolymerase Chain Reaction (RT-PCR)
The rat iNOS cDNA was amplified and sequenced from normal and LPS-treated testis and liver (6 h postinjection) by RT-PCR. Total RNA was purified using the method of Chomczynski and Sacchi [28] and reverse-transcribed to cDNA using avian myeloblastosis virus RT as outlined by the manufacturer (Promega Corporation, Madison, WI). The equivalent of 0.25 g of testis RNA was used for the PCR amplification of a 314-bp iNOS cDNA product using iNOS-specific primers, designed from the published rat sequence [29] , and Pyrococcus furiosus unit (pfu) polymerase (Stratagene, La Jolla, CA) in a touch-down PCR protocol.
The sequence of the forward primer (5F) was ACCT-CAAACAGGAAAACCAC and the reverse primer (5R) was ACTCTTGGAGTTCATGATGG (Geneworks, Adelaide, Australia). Cycling conditions were 30 cycles of denaturation at 94ЊC for 30 sec, followed by annealing at 60-45ЊC (decreasing at 0.5ЊC increments) for 1 min, followed by extension at 72ЊC for 1 min [30] . Following the touchdown protocol, the signal was further amplified by 10 rounds of cycling as follows: denaturation at 94ЊC for 45 sec, annealing at 45ЊC for 1 min and extension at 72ЊC for 1 min, followed by a final extension of 5 min at 72ЊC. The 314-bp product was gel purified using the Wizard PCR Preps DNA Purification System (Promega Corporation) and the sequence confirmed to be genuine rat iNOS from Big Dye-terminator reactions using an ABI model 377 gene sequencer (Perkin Elmer, Cheshire, UK) at The Wellcome Trust Joint Core Facility for DNA Sequencing, Monash Medical Centre (Clayton, Australia). The RT-PCR products were sequenced for a minimum of two animals per treatment group.
Northern Blot Analysis
The testicular iNOS response to acute LPS-mediated inflammation was further confirmed by Northern blot analysis using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression to normalize loading (corresponding to 56-757 bp of the rat GAPDH cDNA). Approximately 20 g of RNA from LPS-treated and control testes was fractionated by electrophoresis on 1% agarose formaldehyde gels and transferred to Nytran Plus membranes (Schleicher & Schuell, Keene, NH) in 10ϫ saline sodium citrate (SSC: 0.15 M NaCl, 0.015 M sodium citrate). The RNA was fixed onto the membranes by baking at 80ЊC for 1 h. Prehybridization was carried out in Ultrahyb (Ambion Inc., Austin, TX) at 43ЊC for 2 h. The ␣ 32 P-labeled cDNA probes were synthesized from the iNOS and GAPDH plasmid inserts following excision with BamHI and HindIII and labeling with ␣ 32 P-dATP using Strip-EZ DNA Probe Synthesis kit (Ambion Inc.). Unincorporated nucleotides were removed using a Probe Quant G-50 microcolumn (Pharmacia Biotech, Uppsala, Sweden). Hybridization was performed overnight at 42ЊC in the prehybridization buffer in the presence of 2 ϫ 10 6 cpm/ml of probe. The membranes were washed to a maximum stringency of 0.1ϫ SSC/0.1% SDS at 65ЊC prior to phosphoimage analysis (Fujix, Fuji Photo Film Corporation, Tokyo, Japan) and quantitated using MacBass version 2.5 software supplied by the manufacturer. Experiments were repeated for a minimum of two animals per treatment group.
Database Searches
The Blast-N program was used to search expression sequence tag databases (dbest) for the expression of iNOS sequence in various tissues [31] .
Statistics
Data were analyzed by two-way analysis of variance after appropriate transformation to normalize data and equalize variance where necessary, in conjunction with the Student-Newman-Keuls multiple range test. All data presented are mean Ϯ SEM. All statistical analyses were performed using Sigmastat version 1.0 software (Jandel Corp., San Rafael, CA).
FIG. 1.
A representative immunohistochemical distribution of iNOS protein in the normal and LPS-treated rat testis. A) Negative control section from a high dose LPS-treated rat testis 6 h after LPS injection probed with the iNOS antiserum preabsorbed with the immunizing peptide. B-E) A normal rat testis probed with the iNOS antiserum. Within the normal rat testis iNOS protein was found in low levels within discrete populations of elongating spermatids and was most easily visible in step 9 spermatids (et, B), and pachytene spermatocytes (pc, C). Inducible NOS immunostaining was also seen within peritubular cells at most stages of the seminiferous cycle (pt, C) with the exception of stage XII tubules (D) and in low levels within Sertoli cell cytoplasm (sc, D). The majority of staining within the normal testis, however, was confined to the Leydig cells (lc, D and E). Testicular macrophages (m) were not stained for iNOS protein and were distinguished from Leydig cells using double labeling for iNOS and the resident macrophage marker ED2 (E) (b, blood vessel). F-H) Following injection with LPS an increase in iNOS immunostaining was seen within germ cells (F), Sertoli cells (G), and Leydig cells (H). Rats were killed 6 h following injection with 5 mg/kg LPS. The cell marked by an arrowhead in H is a resident testicular macrophage that did not express iNOS protein in response to LPS injection. Magnifications: A, B) ϫ40, B, C, G, H) ϫ1000, D) ϫ200, and E) ϫ100. Bars ϭ 25 m.
RESULTS
Inducible NOS Immunohistochemistry
There was no immunostaining of testis sections from rats treated 6 h earlier with LPS probed with preabsorbed iNOS antiserum (Fig. 1A) , indicating the specificity of the antisera. These testes were chosen for preabsorption studies as they had been shown, at both a mRNA and protein level, to contain high levels of iNOS. This time point is, however, prior to the appearance of visible spermatogenic damage that became evident at 12 h postinjection [4] . Substitution of the primary antibody for nonimmune rabbit serum also confirmed the absence of background staining (data not shown). In normal (i.e., saline-injected control) rat testes, An iNOS cDNA of 314 bp, as estimated from comparison to molecular size markers (A) and direct sequencing was detected in untreated testis (B), LPS-treated liver (C), and LPS-treated testis (D). The specificity of the RT-PCR reaction is indicated by the lack of a band in the water (E) and no RT controls (F). Direct sequencing of PCR products was used to confirm that the bands were genuine rat iNOS, and results were repeated twice with different animals.
iNOS protein was localized in both the seminiferous tubules and the intertubular tissue. Within the seminiferous tubules, iNOS was seen in elongating spermatids at stage IX of the cycle of the seminiferous epithelium (Fig. 1B) , and in pachytene spermatocytes at stages IX-XII, most prominently at stages X-XI (Fig. 1C) . Low levels of iNOS staining were seen within peritubular cells (Fig. 1C) and Sertoli cells in the majority of tubules (Fig. 1D ). Peritubular cells in association with stage XII-XIV epithelium, however, had relatively lower levels of iNOS protein as indicated by the relative intensity of immunohistochemical staining (Fig. 1D) . The most intense staining for iNOS in the normal testis was seen in association with Leydig cells (Fig. 1E ). Interstitial cells, with the histological appearance of resident macrophages were negative for iNOS immunoreactivity at all time points and treatment groups, and this was confirmed by double labeling for iNOS and the resident macrophage marker, ED2 (Fig. 1E) . Vascular endothelial and smooth muscle cells in normal rats did not contain detectable iNOS protein (Fig. 1E) . Administration of LPS to rats resulted in a time-and dose-dependent up-regulation of iNOS protein in several testicular cell types. At both low (0.1 mg/kg) and high (5 mg/kg) doses of LPS, there was an increase in germ cell (Fig. 1F ), Sertoli cell (Fig. 1G) , and Leydig cell (Fig. 1H ) expression of iNOS protein as judged by the relative intensity of staining (Table 1) . There was an increase in iNOS staining intensity within the germ cells that normally expressed iNOS protein and in the number of tubule crosssections that had detectable iNOS staining (Fig. 1F) . The increase in expression was more dramatic in the high dose LPS-treated animals compared with the low dose treated animals; however, the cell types involved and the time course of staining were similar. Within both groups of LPStreated animals, a greater proportion of pachytene spermatocytes contained iNOS protein staining, compared with normal testes. In the low dose LPS-treated animals, iNOS staining was observed in pachytene spermatocytes throughout stages VII-XII at 6-18 h after LPS injection. In rats treated with high dose LPS, increased pachytene spermatocyte staining was observed throughout stages VII-XIII at 3-24 h after LPS injection (Fig. 1F) . Injection of LPS did not stimulate iNOS expression within all intertubular cell types, and, in particular, cells with monocyte/macrophage nuclear characteristics did not express iNOS protein in LPS-treated rat testes (Fig. 1H, arrowhead) . Expression of iNOS throughout the testis had returned to the control pattern by 24 h after LPS injection (Table 1) . Due to the complexity of these data, a complete summary of these observations is also provided in Table 1 .
Confirmation of iNOS Expression in Normal and LPSTreated Testes by RT-PCR, Expressed Sequence Tag (EST) Database Searches, and Northern Blot Analysis
The presence of iNOS in the normal rat testis was confirmed by RT-PCR amplification of an iNOS cDNA from saline-injected control rats (Fig. 2, lane B) . The specificity of the RT-PCR reactions was confirmed by amplification of iNOS from LPS-treated liver (Fig. 2 , lane C, 6 h post-LPS injection), which is a well-characterized source of iNOS, and from direct sequencing of the RT-PCR products. Further, iNOS cDNA was amplified from testis of 6 h post-LPS-treated rats (Fig. 2, lane D) . Results were obtained for two separate sets of rats. The increased intensity of staining of the iNOS amplicon is suggestive, but not conclusive, of increased iNOS expression. In order to establish the upregulation of testicular iNOS mRNA expression following exposure of rats to LPS, Northern blots were performed.
Expression of iNOS mRNA was not detectable by Northern blot analysis in control or low dose LPS-treated rat testis or liver, presumably because of the relative insensitivity of Northern blotting versus RT-PCR. In the high dose LPS-treated rats, however, an mRNA transcript of a size consistent with that previously published for iNOS [32] was observed in both liver (Fig. 3A) and testes (Fig. 3C) . The time course of iNOS mRNA up-regulation following LPS treatment in the liver (i.e., 3-12 h postinjection) was consistent with previously published data [33] . Testicular iNOS mRNA was most dramatically increased at the 3-h and 6-h time points following high dose LPS treatment, although a reduced level of expression continued out to 18 h after LPS injection (Fig. 3) . A similar result was obtained , L-NAME at time zero and saline subsequently (hatched bars), or with L-NAME at three hourly intervals (solid bars) and killed at the times indicated along the x-axis. Statistical comparisons are with the appropriate time-matched controls that received saline injections only: ns, no significant difference from control rats; *, a significant difference from control rats (P Ͻ 0.05).
using samples from three separate animals at each time point. Expression of iNOS in the normal human testis is indicated in the EST databases where, at the time of preparing this manuscript, in excess of a dozen iNOS sequence entries were found in the human testis database (e.g., accession numbers: AA431389, AA432369, AA432381, and AA393074). At the time of writing, very few rat EST entries had been deposited into the database.
Nitric Oxide Inhibition and Testicular Function in Normal Rats
Single and repeated (three hourly) injections of L-NAME (30 mg/kg) caused a significant decrease (59% of control) in testicular IF volume by 6 h after the first injection (Fig.  4A) , and a significant decrease in intratesticular (IF) testosterone (37% of control) and serum testosterone (46% of control) concentrations by 9 h (Fig. 4, B and C) . Neither single nor repeated injections of L-NAME had any effect on serum LH concentrations (Fig. 4D) . These data indicate that testicular steroidogenesis is relatively stable at 3 h and 6 h after L-NAME treatment, although prolonged inhibition of endogenous NO has a suppressive effect on testicular steroidogenesis in vivo.
Nitric Oxide Inhibition and the Testicular Response to LPS Treatment
As observed in the previous experiment, repeated (three hourly) injections of L-NAME caused reductions in IF volume (Fig. 5A ) and testosterone concentrations in whole testis cytosols (Fig. 5B) and serum (Fig. 5C ) but had no effect on serum LH levels (Fig. 5D) . Testosterone concentration data for the limited number of IF samples obtained in this experiment were entirely consistent with the cytosol testosterone results (data not shown). Low dose (0.1 mg/kg) and high dose (5 mg/kg) LPS treatment caused reductions in IF volume and testosterone concentrations similar to those caused by L-NAME treatment. While pretreatment with L-NAME enhanced the inhibitory effect of low dose LPS on IF volume (to 7% of control), L-NAME had no additional effect in the presence of a high dose of LPS (Fig. 5A) . Equally, L-NAME had no effect on the inhibition of testosterone production caused by LPS treatment (Fig. 5, B  and C) . Similar testosterone results were obtained for the available IF samples (data not shown). These data indicate that NO does not play a major role in mediating the inhibitory effects of LPS on IF volume or testosterone production at this time point in vivo.
A significant reduction in serum LH was observed following injection of a high dose, but not a low dose, of LPS (Fig. 5D ). Pretreatment with LPS had no significant effect on this response; however, in two rats treated with both a high dose of LPS and L-NAME, serum LH levels were considerably higher than controls resulting in a very large error value for this treatment group (Fig. 5D ). This was consistent with a role for NO in the inhibitory response of the pituitary to LPS treatment, although there appears to be considerable variation among animals with respect to this response.
DISCUSSION
The protein and mRNA data presented herein clearly indicate that iNOS is expressed constitutively in Leydig cells and within Sertoli cells and spermatogenic cells at specific stages of development in the normal rat testis. This expression in normal testes was not due to any ongoing intratesticular inflammatory event as indicated by the relative lack of iNOS expression in endothelial and smooth muscle cells. Supporting evidence that iNOS is also constitutively expressed in the human testis, but not in other tissues, was provided by a survey of the EST databases. Because iNOS lacks the calcium regulation of the other two NOS isoforms, the presence of iNOS in the normal testis suggests that NO is being produced by this enzyme in the testis under normal conditions. These data represent unique evidence for a role of this induced enzyme in the normal function of a tissue.
Production of iNOS by the Sertoli cells, as well as a small subset of pachytene spermatocytes and stage IX elongating spermatids in the normal testis suggests an important regulatory role for this enzyme in spermatogenesis. The low levels of iNOS expression by Sertoli cells under basal conditions is further supported by the in vitro data of Sté-FIG. 5. The effect of combined LPS injection (high or low doses) and L-NAME on IF volume (A), serum testosterone concentrations (B), testicular testosterone concentrations (C), and serum LH concentrations (D). The dose of LPS administered is indicated along the x-axis. Open bars indicate rats that received LPS/saline but no L-NAME, and the solid bars indicate rats that received both LPS/saline and L-NAME. All rats were killed 6 h after injection of LPS. Statistical comparisons are between untreated control rats (CONT) and the LPS-treated groups of rats that did not receive L-NAME (arrows and level of significance at the top of each panel) or between saline-injected and L-NAME-injected rats (untreated and LPS-treated): *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001; ns, no significant difference from saline-injected rats (P Ͼ 0.05).
phan et al. [34] and Bauché et al. [35] . Given the highly complex and coordinated series of events that regulate the conversion of a stem cell to a spermatozoa, transient NO production by iNOS would be a suitable mediator of rapid changes that occur during spermatogenesis [36] . Consequently, our data suggest that NO generated from iNOS may be involved in discrete regulatory processes within Sertoli cells, pachytene spermatocytes, and elongating spermatids.
The demonstration of iNOS within the Leydig cells provides an explanation for the observations of two types of staining for NADPH-diaphorase (an indicator of NOS activity) in human Leydig cells [12] . The particulate form observed within a subpopulation of Leydig cells was found to be the type I isoform. The diffuse cytoplasmic form present in all Leydig cells was not identified but may have been iNOS that is soluble within the cytoplasm [20] . The type III isoform of NOS has been immunolocalized to human Leydig and Sertoli cells [11] . It now appears that the NADPH-diaphorase activity observed in these cells may be due to iNOS as well. In contrast to the type I and III isoforms that produce NO only following a calcium influx and the binding of calmodulin [21, 37] , iNOS produces NO in a calcium-independent manner. However, a study suggesting that the testis contains relatively low NOS activity [38] indicates that the actual level of activity of iNOS compared with the other NOS isoforms in the testis requires further examination. In any case, these data indicate that all three NOS isoforms may have a role in regulating testis function.
In the present study, prolonged inhibition of endogenous NO production by L-NAME in normal rats was found to reduce testicular IF formation and testosterone production, indicating a role for endogenously produced NO in the regulation of testicular blood flow and/or pressure and Leydig cell function under normal conditions. Earlier studies have indicated a role for endogenous NO in the acute regulation of testosterone secretion. Adams and colleagues [7, 16] showed that administration of L-NAME to adult rats resulted in a dose-dependent increase in testosterone secretion under either control conditions or in the presence of morphine, which is a potent suppressor of testosterone secretion, 2 h following injection. Acute inhibition of testicular steroidogenesis by NO also has been indicated by studies of the administration of NO substrates in vivo [7, 16, 39] , and in vitro studies that show that NO is produced by the Leydig cells and inhibits Leydig cell steroidogenic enzyme activity [8, [40] [41] [42] . In the present study, however, we found that at 3 h after injection with the same dose of L-NAME used in the earlier studies, serum and intratesticular testosterone levels had returned to normal. Testosterone production then proceeded to fall below control levels by 9 h after the initial injection. The decline in testicular testosterone concentration, moreover, was accompanied by a decline in IF volume, indicating an even larger fall in overall testosterone production. This progressive decline in testicular testosterone production and serum testosterone concentrations was not due to decreased serum LH levels, which remained within the normal range throughout the entire experiment [4] .
Collectively these data suggest that the decrease in testosterone secretion during prolonged inhibition of NO production in vivo may be due to other effects, such as prolonged interference with testicular blood flow, that are independent of the direct effects of NO at the Leydig cell or anterior pituitary. Certainly, the reduction in IF volume seen following prolonged L-NAME treatment was suggestive of reduced blood flow to the testis. However, Lissbrant and colleagues [13] found that testicular blood flow was proportional to systemic blood pressure and actually increased for a period of at least 30 min after L-NAME injection. Moreover, increasing NO production through administration of NO substrates inhibited IF formation at 2 h [16] . These data indicate that endogenous NO has an acute negative effect on testicular blood flow and fluid formation, which is not consistent with the effects seen at the later time period. In fact, the very slow onset of effects observed in the present study tends to suggest that prolonged hypertension or secondary intratesticular responses to extended NO inhibition, rather than the direct effects of NO, may be responsible for these later effects.
Stimulation with either a low or high dose of LPS in vivo caused a dose-dependent increase in the expression of iNOS mRNA and protein in Leydig cells, Sertoli cells, and germ cells that reached a peak 6-12 h later then gradually declined. This was entirely consistent with the normal inflammatory response observed in other tissues and an earlier report [43] that iNOS mRNA is up-regulated within the testis following exposure to LPS. However, L-NAME did not prevent the inhibition of IF volume and testicular steroidogenesis that occurs within the first 6 h after LPS treatment. Thus, it appears that NO may not be the major inflammatory intermediate responsible for the inhibitory effects of LPS on IF volume and testosterone production at this time point [4] . In fact, the effects of L-NAME administration were almost identical to the effects of LPS-induced inflammation, suggesting the possibility of a common mode of action, although mediated by different mechanisms. However, because it is not possible to be certain of completely blocking NO production in the testis using this approach, a role for NO at some level cannot be excluded. Moreover, L-NAME has been shown to be able to reverse the inhibitory effects of sepsis on testosterone production at later time points [17] . Further studies are needed to resolve the apparently complex role of NO in regulating Leydig cell function during testicular inflammation.
The implications for testicular function of the up-regulation of iNOS in Sertoli cells, germ cells, and Leydig cells in response to LPS administration are equally difficult to predict. Up-regulation of testicular iNOS expression following treatment with a high dose of LPS may contribute to the seminiferous epithelium damage, i.e., germ cell sloughing and apoptosis, that occurs in these animals [4] . Depending on the milieu within which it is produced, NO can act to ameliorate or potentiate the cytotoxic effects of reactive oxygen species (ROS) [43] [44] [45] . Data from other tissues has suggested that it may be the balance between NO and ROS that determines if NO acts in a protective or a destructive capacity [44, 46] . Nonetheless, an increase in the production of ROS, or the inappropriate NO-mediated activation of intracellular pathways may in part contribute to the observed germ cell damage, sloughing, and apoptosis from seminiferous tubules following LPS treatment [4] . Furthermore, there is increasing evidence that ROS may be an important factor in mediating damage either to human testis and sperm function manifested as infertility [47] . This damage is mediated through a variety of effects ranging from direct cytotoxicity to lipid peroxidative changes in membrane fluidity to DNA fragmentation. Unfortunately, it was not possible to extend the current experiments to investigate the effects of NO on spermatogenesis that becomes evident around 18 h after high dose LPS treatment, because of the adverse effects of L-NAME in conjunction with LPS on animal well-being at longer time points.
Finally, while NO has been implicated as a mediator of the actions of inflammatory cytokines at the hypothalamicpituitary level [48] , we observed evidence for this in only a few animals in the present study. This suggests that, in comparison to the more consistent response of the testis, there may be considerable animal-to-animal variation in the response of the central nervous system to various inflammatory mediators.
In summary, these studies have identified for the first time a potential role for iNOS in regulating the normal functions of a particular organ, i.e., the testis. A role for iNOS in mediating inflammatory damage on the testis during inflammation is also suggested by data in the present study, although its relative importance as well as the mechanisms involved remain to be determined. Further studies are clearly warranted to determine the physiological role of this enzyme in normal and pathological function of the testis.
